Erwinia chrysanthemi, a Gram-negative plant pathogen, secretes the cellulase Cel5 (formerly EGZ) via the type II secretion pathway (referred to as Out). Cel5 is composed of two domains, a large N-terminal catalytic domain (390 amino acid residues) and a small C-terminal cellulosebinding domain (62 amino acid residues) separated by a linker region. A combination of mutagenesis and structural analysis permitted us to investigate the structure/secretion relationships with respect to the catalytic domain of Cel5. The 3D structure of the catalytic domain was solved by molecular replacement at 2.3 A Ê resolution. Cel5 exhibits the (b/a) 8 structural fold and two extra-barrel features. Our previous genetic study based upon tRNA-mediated suppression allowed us to predict positions of importance in the molecule in relation to structure and catalysis. Remarkably, all of the predictions proved to be correct when compared with the present structural information. Mutations of Arg57, which is located at the heart of the catalytic domain, allowed us to test the consequences of structural modi®cations on the secretion ef®ciency. The results revealed that secretability imposes remarkably strong constraints upon folding. In particular, an Arg-to-His mutation yielded a species that folded to a stable conformation close to, but distinct from the wild-type, which however was not secretable. We discuss the relationships between folding of a protein in the periplasm, en route to the cell exterior, and presentation of secretion information. We propose that different solutions have been selected for type II secreted exoproteins in order to meet the constraints imposed by their interaction with their respective secretion machineries. We propose that evolutionary pressure has led to the adaptation of different secretion motifs for different type II exoproteins.
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Introduction
The pathogenicity of a large number of Gramnegative bacteria relies on their ability to secrete extracellular enzymes into the external medium. Examples of these extracellular enzymes include depolymerising enzymes, such as cellulases or pectinases, secreted by the plant-pathogenic bacteria Erwinia, Pseudomonas and Xanthomonas, and various toxins, secreted by animal or human pathogens like Vibrio cholerae, Pseudomonas aeruginosa and Aeromonas salmonicida.
1 ± 3 All of these very diverse proteins cited above are secreted across the outer membrane by using the so-called type II secretory pathway, also referred to as GSP for general secretory pathway. The type II secretion machineries are made up of at least 13 proteins (referred to as Out) in Erwinia chrysanthemi 4 the sequences of which exhibit a high level of conservation, throughout the taxonomically diverse Gram-negative bacteria.
Targeting proteins to cell compartments that are different from the site of their synthesis implies the existence of information within the structure of the targeted polypeptides, namely a secretion motif, which is recognized by the speci®c secretion machinery. Despite their biochemical and structural diversity, it is currently believed that exoproteins secreted by the same machinery exhibit a similar secretion motif. In order to characterize the type II speci®c secretion motif, we have chosen to study the secreted cellulase Cel5 (formerly EGZ) from E. chrysanthemi as a model.
Cel5 is initially synthesized as a precursor containing a classical N-terminal signal peptide that is cleaved upon crossing the inner membrane via the well known Sec pathway. Mature secreted Cel5 is composed of two functionally and structurally independent domains. 5 The N-terminal domain is a catalytic domain, belonging to the glycoside hydrolase family 5, 6,7 sub-family 2, which is responsible for the catalytic cleavage of the b-1,4 glycosidic bonds of soluble derivatives of cellulose, while the C-terminal domain is a cellulose-binding domain (CBD) of family V, 8 that promotes binding to crystalline cellulose. The two domains are separated by a typical Thr-rich,¯exible linker region of 35 residues. Surprisingly, all three regions were found necessary for Cel5 to be secreted across the outer membrane. 9 We concluded that the secretion motif is constituted by residues located in all three domains that are brought in close vicinity upon folding of Cel5.
Structural and functional studies of the CBD indicated that this C-terminal domain of Cel5 folds before Cel5 is secreted. 10 ± 12 Recently, we proposed that, prior to secretion, a folded form of the CBD interacts physically with the catalytic domain, resulting in a transient secretion-speci®c conformer. 13 However, information about the folding status of the catalytic domain within this putative secretion-speci®c conformer was still lacking. Therefore, we decided to investigate to what extent the catalytic domain folds prior to secretion.
In this study, we report a detailed analysis of the catalytic domain by combining 3D structure analysis and mutagenesis study of a structural position to test the relationships between structure and secretion. Overall, our results indicate that secretion imposes a strong constraint on the structure of the catalytic domain that must fold prior to secretion.
Results
Overall structure of the catalytic domain of Cel5
The structure of three non-crystallographic symmetry-related copies of the catalytic domain of Cel5, belonging to family 5 of the glycoside hydrolase enzymes, have been determined by X-ray crystallography at 2.3 A Ê resolution using the molecular replacement method. All three chains are visible from Ser1 through Ala291 (Figure 1(a) ). Since the crystallization experiments were performed starting with a full-length protein solution, the true C-terminal residue is not known. No electron density for residues beyond Ala291 was visible for either of the three copies. In contrast, all ten arginine residues are clearly de®ned in electron density with none of them being disordered (Figure 1(b) ). However, Arg81, Arg111 and Arg118 display high B-factor values (around 40 A Ê 2 ) for atoms of the guanidinium groups that are nevertheless visible in density.
The structure of the Cel5 catalytic domain consists of a single domain having the (b/a) 8 fold in which a short irregular chain segment replaces helix 5 (Figure 1(a) ). Another extra-barrel element is present: it includes residues 3-8 and 11-15, forming a small anti-parallel b-sheet, that closes the b-barrel at its N-terminal side (Figure 1(a) ). With the exception of the two elements noted above, the structure of E. chrysanthemi Cel5 is essentially the same as that of the other family 5 enzymes described earlier. [14] [15] [16] The closest structure is that of the endoglucanase of Bacillus agaradherans 17 (pdb code: 1A3H), which belongs to subfamily 5-2 as Cel5 does. Therefore, the coordinates of this latter structure have been used as the starting model for the molecular replacement calculations. The re®ne-ment of the three independent copies (28,266 degrees of freedom) against the 32,807 unique re¯ections at 2.3 A Ê resolution led to a ®nal R-factor of 18.7 % and an R free -factor of 22.6 % ( Table 1) .
Comparison to the other family 5 enzymes
The ®nal structural model of E. chrysanthemi Cel5 has approximately 260 out of 290 residues in structurally equivalent positions in B. agaradherans Cel5A, 17 which superimposes with an r.m.s C a deviation of about 0.98 A Ê . The structures of three other family 5 cellulase enzymes, belonging to sub-family 5-1 (endocellulase E1 from Acidothermus cellulolyticus), 16 5-3 (endoglucanase CelC from Clostridium thermocellum) 14 and 5-4 (endoglucanase CelCCA from Clostridium cellulolyticum), 15 respectively, have been determined in the past and superimpose with an r.m.s C a deviation of 1.84 A Ê (221 out of 358 atoms), 1.87 A Ê (191 out of 340 atoms) and 1.87 A Ê (207 out of 380 atoms), respectively. This re¯ects the low degree of similarity observed for the details of the structures, also apparent when aligning the sequences of these different enzymes. The sequence identities can be as low as 10 % for these enzymes, displaying the same overall 3D structural fold. 17 Signi®cant differences are observed mostly in the length, the conformation and the¯exibility of the loops connecting the b-strands to the adjacent ahelices (Figure 1(a) ). In E. chrysanthemi Cel5, all the loops are shorter than in any of the other structures reported so far. The long groove or active-site cleft, in which numerous aromatic residues line up to form the sugar-binding sub-sites is therefore extremely open to the solvent, compared to other family 5 cellulases.
A number of differences, however, between Cel5 and the other enzymes of the same family are located at the N-terminal ends of the b-strands (Figure 1(a) ). For instance, a short extra-barrel bsheet reminiscent of that described above, exists in Cel5A. 17 However, neither primary nor tertiary structural similarity is shared by extra-barrel bsheets of B. agaradherans Cel5A or E. chrysanthemi Cel5. A similar feature is observed in the cellulase of subfamily 5-1, 16 but the sheet is composed of three b-strands. Furthermore, in Cel5 the connective loops between a-helix 3 and b-sheet 4 and between a-helix 4 and b-sheet 5 coordinate a calcium (or magnesium) ion by the carbonyl oxygen atom of Gly121 and the aspartic acid residues and the asparagine of the sequence DPDN, comprising residues 158-161. The ion is present in all three non-crystallographic symmetry-related copies of the catalytic domain of Cel5, with the same occupation. This ion-binding site is unique to this type of catalytic domain. Other calcium ions have been observed in cellulase and xylanase catalytic domains, 18 ± 20 but they are located in large,¯exible surface loops surrounding the active-site cleft, and probably stabilize the loop structures. In contrast, the calcium ion, present in E. chrysanthemi Cel5, is located on the N-terminal side of the barrel in tight turns between the main structural elements. The question therefore arises of whether the presence of this ion is due to the crystallization conditions, or is biologically signi®cant.
Role of conserved residues with respect to catalytic activity
As has been reported earlier, ®ve strictly conserved residues form the catalytic site. These residues constitute the basis of the classi®cation of E. chrysanthemi Cel5 in glycosyl hydrolase family 5. 6, 21 In Cel5 all these residues have been substituted for at least 13 other residues and the mutation pattern and activity have been reported. 22 Our previous genetic analysis identi®ed residues Glu133 and Glu220 as the nucleophile and acid/ base, respectively. 22 In the active site of the 3D structural model, these two residues are separated by a distance of 5.5 A Ê , which is typical for retaining enzymes (Figure 2(a) ). Furthermore, two histidine residues (98 and 192 in Cel5) were found to be crucial for catalysis and are conserved equally throughout all the family 5 enzymes (Figure 2(a) ). The geometry of the arrangement of these four residues is almost identical for all family 5 enzymes, with the exception of the enzyme CelC of family 5-3, for which, in the native form of the enzyme, the nucleophile was turned outside of the active site.
14 The ®fth strictly conserved residue, Arg57, is buried in the heart of the protein, in close proximity to the catalytic active site (Figure 2(a) ). It is involved in numerous hydrogen bonds, many of which are formed with the catalytic residues. Arg57 however does not seem to be involved in the catalytic reaction directly but rather be very important for the stability of the structure of domain (see below and Figure 3(b) ).
Role of His100 and His198 residues for activity
Remarkably, some of the residues, supposed to be implied in stacking interactions with the substrate in the aglycon sub-sites further away from the cleavage site, are not always conserved, even within one sub-family. Thus, His100, does not have a counterpart in Cel5A of B. agaradherans (Figure 2(a) ). This was surprising, since mutations at this position in Cel5 of E. chrysanthemi led to an important decrease of the catalytic activity. 22 Moreover, it is located in close proximity to the active site, forming hydrogen bonds to the catalytic residues. As a second example, one can mention Tyr66 of B. agaradherans that is not conserved in Cel5 of E. chrysanthemi but replaced by a tryptophan residue Trp28, which comes to lie approximately in the same position as Tyr66 but is donated by a topologically inequivalent position (Figure 2(b) ). These ®ndings underline the arguments put forward by Davies et al., 17 proposing a possible convergent evolution for functionally equivalent, but structurally unrelated, aglycon-binding sites. Here, the evolution appears even within one sub-family.
The His198 residue is also possibly involved in an aglycon-binding sub-site. This position exhibited a semitolerant pattern in the mutagenesis studies of Cel5. 22 In the structure of Cel5A of B. agaradherans, the analogous residue (i.e. His206) was found on the surface of the molecule, totally exposed to solvent and not directed towards the active-site cleft. The authors opened the possibility, that after a conformational change, the residue could play a role at the extreme reducing end of the substrate-binding cleft. 17 A different crystal form of Cel5A of B. agaradherans indeed con®rmed that this histidine residue could undergo a conformational change (G. Davies, personal communication). In the structure of E. chrysanthemi Cel5, His198 is lining the substrate-binding cleft at its extreme end, in which the sugar rings are supposed, to stack in order to be directed towards the cleavage site. This geometry supports the proposition based on the mutagenesis study of E. chrysanthemi Cel5, that it is involved in, but not crucial for, substrate binding (Figure 2(c) ).
Comparison of Cel5 structure to that of other proteins secreted by the Out system The 3D structure of Cel5 and its CBD were compared to the 3D structure of the pectate lyases from E. chrysanthemi, 23 secreted by the same pathway. The molecular surfaces and/or envelopes of Table 1 . Statistics on data collection, molecular replacement and re®nement the two molecules were analyzed using the program GRASP 24 in order to detect patches or regions having similarity with respect to hydrophobicity, surface charge or overall form. However, no particular resemblance with respect to either of these criteria could be detected.
Relationships between structure and secretion: study of Arg57
The structural analysis described above identi®ed Arg57 as a key residue in the structure of Cel5 catalytic domain (Figure 3(b) ). Hence, Arg57 appeared as an excellent residue to probe relationships between the structure of the catalytic domain and the secretability of Cel5. Therefore, variants were constructed that contained Lys, His or Gln residues at position 57, yielding R57K, R57H and R57Q proteins, respectively. Secretability of these variants was analyzed by using an Escherichia coli strain that was made secretion-pro®cient by intro- A close-up view of Arg57 in the heart of the catalytic domain, displaying the hydrogen bonding network in which Arg57 is involved. Connected residues are His98, Glu129, Asn132 and Glu220, which are all related directly to catalysis, and Ser25 and Thr219, which participate in structural stabilization. The Figures were produced using the programs MOLSCRIPT 51 and Raster3D.
ducing the E. chrysanthemi out genes. 25 Immunoblot analysis showed that the R57K protein was secretable ( Figure 4) . In contrast, no cross-reacting material was to be seen in the supernatant culture of cells synthesizing R57H or R57Q variants. While the R57H protein appeared stable, degradation products were visible when analyzing the R57Q protein (Figure 4 ). Hence, a possibility was that changing Arg to His altered speci®cally the secretion information, thereby hampering recognition of the protein by the Out machinery, while substitution by Gln yielded an unstable protein that was degraded prior to secretion. To investigate this issue, we carried out a kinetic analysis using the protocol as described. 13 Again, R57K protein was found to exhibit the same kinetic pattern as the wild-type ( Figure 5 ). Results were consistent with previous similar analysis that showed that extracellular forms of Cel5 appeared in less than ®ve minutes in the supernatant. 10, 13 In contrast, no extracellular forms of R57H protein were to be seen in the supernatant fraction but for very late time-points (i.e. 60 minutes). Of particular interest was the fact that R57H species remained stable in the cells. This con®rmed that R57H was secreted, if at all, with a drastically reduced ef®ciency. In contrast, the R57Q protein proved to be unstable, since at early time-points two species could be seen in roughly similar amount, namely a species migrating with the full-length molecular mass and a faster-migrating species that is likely to be a degradation product ( Figure 5 ). Moreover, we could see concomitant decrease in intensity of both forms throughout the experiment, since at the latest time-point, neither one was visible. This con®rmed that changing Arg to Gln had a profound effect on the stability of the protein and was consistent with the view that this protein had lost secretability as a consequence of its reduced halflife and/or structural modi®cation. Last, it should be added that cell fractionation experiments were carried out to check that the R57H and R57Q proteins were localized in the periplasm of E. coli strain expressing the E. chrysanthemi out genes (data not shown).
Stability of purified variants
In order to get further insight into the consequences of the mutations, the wild-type and the three mutated species of Cel5 were puri®ed from E. coli cell lysate. Puri®ed proteins were then subjected to proteinase K treatment during various times ( Figure 6 ). Wild-type and R57K proteins exhibited identical proteolysis patterns. A fastmigrating species appeared in both cases after incubation with proteinase K for 1.5 minutes. Scanning the electrophoresis gel allowed us to show that, by starting with samples at 7 mg ml À1 concentration, 50 % of the full-length form was degraded in approximately 2.5 minutes. R57H was found to be slightly less resistant to proteinase K than the wild-type ( Figure 6 ). By starting with samples at 20 mg ml À1 concentration, 50 % of full-length wildtype and R57H species were degraded in nine and eight minutes, respectively, while after 20 minutes of incubation, 28 % of full-length wild-type Cel5 and 12 % of full-length R57H remained visible. Surprisingly, the R57Q protein proved to be extremely resistant to proteolysis since, after 20 minutes incubation, only 30 % of full-length R57Q (20 mg ml À1 ) had undergone degradation.
Discussion
This work was initiated in order to carry out a structure/secretion relationship study of the E. chrysanthemi cellulase Cel5 (formerly EGZ), a model for the numerous proteins secreted by the type II system. Earlier studies indicated that disul®de bridge formation in the C-terminal CBD domain of Cel5 had a crucial role for secretion.
10,12
Figure 4. Differential effect of Arg57 mutations for Cel5 secretion. Secretion from E. coli carrying () or not (À) the E. chrysanthemi out genes (carried on pCPP2006 cosmid) of wild-type Cel5 and of the R57 K, R57Q and R57H mutants was analysed. Competent cells of E. coli DH5a (containing () or not (À) the cosmid pCPP2006) were prepared and transformed with pSZ (which contains the E. chrysanthemi cel5 gene) or with pSZ-encoded cellulase Arg57 variants. The cells were grown in LB medium at 32 C for four to ®ve hours (A 600 $ 1.5), starting with an inoculum of A 600 $ 0.05. Cultures (0.2 ml) were centrifuged for ®ve minutes at 13,000 rpm and the supernatant (0.05 ml) was collected and added with loading buffer (0.05 ml). Cells were washed, centrifuged again and resuspended in loading buffer (0.4 ml). Detection of Cel5 was determined using homogeneous 10 % (w/v) polyacrylamide SDS-PAGE with a Bio-Rad mini ProteanII system followed by immunoblotting. 10 C, cells; s/n, supernatant.
Concerning the N-terminal catalytic domain, the picture remained unclear as long as the mutational results could not be coupled to the three-dimensional structure analysis of the domain. The present analysis establishes the existence of extremely tight links between structure of the catalytic domain and secretability of Cel5. In particular, we identi®ed a position wherein the nature of the lateral chain dictates the fate of the protein. Since this position is located at the heart of the domain, we do not believe that it participates in the direct recognition of Cel5 by the secretion machinery but, instead, controls secretability via its control of the conformation of the domain. Arginine residues are potentially important as stabilizing elements in protein structure. 26, 27 Systematic mutagenesis study of all ten arginine positions of Cel5 catalytic domain was done previously with the aim of identifying structurally important positions. 22 Out of the ten arginine residues, six (namely Arg81, Arg106, Arg111, Arg118, Arg179 and Arg245) were predicted to be exposed at the surface and to be important neither for the structure nor for activity. This is fully con®rmed upon examination of the 3D structure (Figure 3(a) ). Two other arginine residues, Arg203 and Arg207, were predicted to have a structural role, possibly related to their location in an a-helix, as predicted both by secondary structure algorithms and by the destabilizing effect of introducing Pro residues at these positions. This prediction is also fully con®rmed upon examination of the 3D structure, wherein one can locate both Arg203 and Arg207 in the seventh a-helix of the (b/a) 8 -barrel (Figure 3(b) ). Arg155 was proposed to be essential to protein stability with no direct role in catalysis. Interestingly, the position equivalent to Arg155 in Cel5 of E. chrysanthemi (Arg163 of Cel5A from Figure 5 . Kinetic analysis of Cel5 and Arg57 mutants secretion. Cultures of E. coli DH5a carrying the pCPP2006 cosmid and the pSZencoded Cel5 R57K, R57Q or R57H were grown in LB at 32 C until A 600 $ 1. A 3 ml sample was centrifuged, the supernatant discarded and the pellet resuspended in 1 ml of LB chloramphenicol (40 mg ml À1 ), centrifuged at 32 C for ®ve minutes. The pellet was resuspended in 0.5 ml of LB chloramphenicol (40 mg ml
À1
) and incubated at 32 C. Aliquots were taken at desired time intervals, centrifuged at 4 C, yielding cell (C) and supernatant (s/n) fractions that were analysed by immunoblotting as described above. The arrow indicates the full-length form of R57Q. Figure 6 . Proteinase K sensitivity of Cel5 and the Arg57 mutants. Puri®ed Cel5, R57Q and R57H mutants were diluted to a ®nal concentration of 20 mg ml À1 and incubated at 32 C with proteinase K at a ®nal concentration of 1 mg ml
. Aliquots (10 ml) were collected at desired time intervals after addition of proteinase K. Samples were then analyzed on 10 % (w/v) polyacrylamide SDS-PAGE by Coomassie blue staining and subsequent quanti®cation of each band. For each sample, the quantity of full-length variants was expressed as the percentage of total protein in the sample, yielding a kinetic of the full-length form degradation. For the R57K mutant analysis, the experiment was done exactly as described before except that the ®nal concentration of protein used in the assay was 7 mg ml À1 . B. agaradherans), is implied in a strong salt-bridge with an aspartic acid residue in Cel5A. 17 In the structure of E. chrysanthemi Cel5, the corresponding aspartic acid residue is not present and Arg155 mainly makes hydrogen bonds to main-chain carbonyl groups. However, in the structure of Cel5 it is this arginine residue that stabilizes the turn containing the sequence DPDN (158-161), which in turn binds a calcium/magnesium ion. One can easily imagine that changing Arg155 to another residue prevents calcium binding and, as a consequence, the catalytic domain is destabilized. This would account for the effect previously observed when substituting Arg155 by a series of different residue.
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Arg57 was proposed to have a structural role, since mutations yielded thermosensitive proteins. 22 This is fully consistent with the structural results, as shown in Figure 3(b) , since a tight hydrogen bonding network links Arg57 to six residues in the center of the catalytic active site. Changing Arg57 to Lys yielded a protein with wild-type stability both in vivo and in vitro. This was consistent with the physicochemical similarities of Arg and Lys amino acids. Changing Arg57 to Gln yielded a protein that exhibited seemingly contradictory properties, since it was unstable in vivo but resisted proteinase K treatment in vitro much more ef®-ciently than the wild-type did. Although we do not know the basis for these properties, both changes in protease sensitivity patterns, as compared with that of the wild-type, indicated that the mutation altered the protein conformation quite drastically. Changing Arg57 to His yielded a protein that was slightly more sensitive to proteinase K as compared with the wild-type but was stable in vivo. It seems reasonable to assume that this mutant adopts a conformation close but different from that of the wild-type.
Analysis of R57K protein indicated that this mutant species is non-native, since it is not active, but retains wild-type conformation and is secretable at the same rate as compared with the wildtype. In line with this, R57Q, a species that possesses a conformation different from the wild-type was not secreted. Despite being stable in vivo, R57H was not secreted. Since in vitro analysis suggested that R57H adopts a conformation slightly different from the wild-type, we suggest that this subtle change might be suf®cient to block secretion. An alternate hypothesis is that this position is part of the secretion motif. Such an hypothesis is not supported by (i) the location of Arg57 that is buried inside the protein, (ii) the fact that changing Arg to either Lys or Ser (not shown) does not alter secretion, and (iii) its strict conservation throughout all family 5 cellulases, most of which are not secreted by type II-like systems.
After it was recognized that exoproteins were synthesized ®rst as precursors with typical signal sequences, a two-step model for secretion was proposed (see Introduction). Since primary sequence comparisons failed to identify a putative secretion motif, it was suggested that such a secretion motif would be made of residue located in distinct parts of the primary sequences, that eventually come into close proximity upon folding. That proteins fold prior to secretion received experimental support in different systems: (i) cellulase Cel5 was found to exhibit a disul®de-bridged CBD before crossing the outer membrane, 10 (ii) cholera toxin and aerolysin were found to oligomerise prior to being secreted, 28, 29 (iii) a pullulanase form could accumulate in the periplasm for a long period of time, in the absence of the secretion machinery, yet retained its secretion competence. 30 These observations helped to establish the currently accepted view that proteins fold into their so-called``native'' state in the periplasm before interacting with the secretion machinery. However, this view was not consistent with various observations. Firstly, chimeric proteins containing b-lactamase and rather small regions of either pullulanase or exotoxin A were found to be secreted. 31, 32 Clearly, these chimeric proteins cannot be expected to be in the native conformation supposedly recognized by the machineries. To account for secretability, one can however argue that secretion motifs were retained in those chimeric proteins. Secondly, a pullulanase form, thought to be a periplasmic intermediate, exhibited a susceptibility to protease that appeared to differ from that of the cell-surface exposed (secreted) form. 33 Thirdly, modi®cations that modify conformation in a very subtle way, if at all, such as N-terminal acylation affected secretion ef®-ciency of pullulanase. 34 Fourthly, elastase is recognized as a proform including an N-terminal extension that is eventually cleaved off and is not part of the so-called``native state''. 35 Hence, it appears quite unsafe to use the term native in order to describe the folding status of exoproteins when they interact with the secretion machinery.
In the present study, the identi®cation of Arg57 as a residue having a key role in Cel5 structure allowed us to investigate the relationships between conformation and secretion in some details. The fact that modi®cation of a key conformational controlling position affects secretion makes a very strong case for the idea that, in Cel5, secretability is indeed a speci®c feature of the wild-type fold. In particular, the fact that R57H protein, which exhibits distinct but close conformation from the wildtype, is not secreted, best illustrates the strong constraints that secretion exerts upon folding. One must however note that non-active species, e.g. R57K and all proteins mutated at the catalytic positions (data not shown), were bona ®de secretable species, illustrating that secretability is not a feature of the native species but rather of a conformation that can be taken by the wild-type protein.
Hence, it seems extremely dif®cult to extract some general rules that could account for all data collected from studies of different exoproteins. Again, if one accepts that chimeric proteins made of pullulanase and b-lactamase or exotoxin A and b-lactamase retain correctly exposed secretion information, it is dif®cult to understand how, in contrast, secretion information is so much disturbed by the Arg-to-His substitution in R57H that it is no longer accessible to the secretion machinery. This leaves open the possibility that each exoprotein has reconciled both folding and secretion motif exposition on its own way. A prediction of this would be that not all exoproteins will share a similar type II secretion motif. In a sense, this could eventually explain the so-called species speci®city wherein highly related proteins are not secreted in heterologous systems, 36 ± 38 and might also explain why comparison of 3D structures of exoproteins recognized by the very same machinery, such as E. chrysanthemi pectate lyases and cellulase, failed to identify putative secretion regions. Interestingly, very recently, a similar hypothesis was proposed by Shevchik and collaborators after they analyzed secretion ef®ciencies of numerous chimeric machineries made of Out proteins from E. chrysanthemi and E. carotovora.
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In conclusion, this study indicated that the catalytic domain ought to fold into a wild-type conformation before Cel5 is secreted. We identi®ed a folded non-secretable variant, the structure of which should help in pinpointing those conformational modi®cations that are responsible for non-recognition by the secretion machinery. Structural analysis of R57H is underway.
Materials and Methods

Strains, plasmids and microbial techniques
Growth media and storage conditions were as described. 13 The plasmid carrying E. chrysanthemi out genes was pCPP2006 and was obtained from A. Collmer. 25 
Construction of mutants
Site-directed mutagenesis of plasmid pSZ to generate point mutations in Cel5 was performed with a recombinant PCR method. 40 The R57K and R57Q mutants were produced by PCR ampli®cation of the entire pSZ plasmid by mutagenic primers (mutated nucleotides in boldface) divergently orientated but overlapping (underlined) at their 5 H ends (mutagenic oligonucleotides,
anchor oligonucleotide, 5
H -ATgggCgTTCAggAAAgCggTggTTATCTg CAggACCCg-3 H ). PCR was performed with Expand High Fidelity DNA polymerase (Boehringer Mannheim) in the presence of 5 % (v/v) dimethyl sulfoxide. Treatment with DpnI destroyed the parental Dam-methylated DNA, whereas PCR-synthetised molecules remained intact. The resulting linear DNA molecules were transformed into the E. coli DH5a (a recA strain). The presence of the desired mutation and the absence of any secondary ones were veri®ed by sequencing.
The R57H mutant was constructed as described by Bortoli-German et al., 22 with the following oligonucleotide: 5 H -CATAgCggCgTgAACAATgCTgg-3 H .
Secretion analysis
Secretion was tested by immunoblot analysis of culture supernatant and of whole cells after four to ®ve hours of growth in LB medium at 32 C as described. 13 
Purification of Cel5 and mutated variants
Competent cells of E. coli DH5a were prepared and transformed with the plasmid pSZ (encoded the wildtype Cel5) or with pSZ-encoded cellulase R57K, R57Q and R57H mutants. Cells containing plasmids producing Cel5 wild-type or mutated variants of Cel5 were grown in 5 l of LB medium with 50 mg of ampicillin per ml at 32 C for ®ve hours (A 600 $ 1.5). After centrifugation, the cell pellet was washed and suspended in a solution containing TE (20 mM Tris-HCl (pH 7.5), 3 mM EDTA). This suspension was passed twice through a French Press cell and the crude extract was centrifuged at 10,000 g for 15 minutes at 13,000 rpm to remove cells debris. The resulting supernatant (80 ml) was made 1 M NaCl and mixed with cotton (6 mg ml
À1
). The cotton, purchased from a local drugstore, had previously been soaked in TEN (TE containing 1 M NaCl), autoclaved for 30 minutes 110 C, washed once with TEN and ®nally resuspended in TEN. The mix was incubated with gentle mixing during 14 hours at 4 C. Cotton was washed three times with TEN and three times with TE. Elution of cellulase was obtained by washing the cotton under vacuum with 80 ml of cold Milli-Q water. The¯ow-through was desalted and concentrated by using an Ultrafree-15 centrifugal ®lter unit with a 5000-NMWL (molecular mass of 5000 cutoff) polysulfone membrane (Millipore). The concentrated sample (1 ml) was loaded onto a FPLC monoQ column (HR 10/10, Pharmacia). The wild-type Cel5 and the variants mutants were eluted with a continuous NaCl gradient from 0 to 0.5 M. Fractions were collected and assayed for the presence of Cel5 or variants by SDS-PAGE followed by immunoblotting. Peak fractions were desalted and concentrated by using an Ultrafree-15 centrifugal ®lter unit with a 5000-NMWL (Millipore). The protein concentration was estimated by the Bradford method using bovin serum albumin as the standard.
Limited proteolysis assays
Puri®ed Cel5 or R57Q, R57H and R57K mutants were tested for their sensitivity to proteinase K. Solution of puri®ed proteins were diluted to a concentration of 20 mg ml À1 (or 7 mg ml
À1
; see the Legend to Figure 6 ) and incubated at 32 C with proteinase K at a ®nal concentration of 1 mg ml
. Aliquots (10 ml) were collected at 0.5, 2.5, 5, 10, 15 and 20 minutes after addition of protease. The reaction was stopped on ice in the presence of trichloroacetic acid at a ®nal concentration of 5 % (w/v). The samples were then analysed by SDS-PAGE and subsequent staining with Coomassie blue. After staining, the gels were scanned and the intensity of each band was quanti®ed yielding a kinetic of Cel5 and R57Q, R57H and R57K mutants degradation.
Crystallization and X-ray structure determination
Crystallization experiments were performed at 4 C employing the vapour diffusion technique. The crystals of the catalytic domain were obtained by attempts at crystallizing the full-length protein. Crystals from the catalytic domain of Cel5 protein (7.5 mg ml ) and diffract to a resolution of 2.2 A Ê . Data sets at 2.2 A Ê resolution were collected on a MarResearch imaging plate system installed on a Rigaku rotating anode generator (CuK a ) by taking 1 frames over 120 of an arbitrary orientation of the crystal. The intensity integration and data treatment were performed with the DENZO program package. 41, 42 Statistics on the data quality are given in Table 1 . The structure was solved by molecular replacement using the program AMoRe. 43 The family 5 endoglucanase of B. agaradherans 17 (pdb code: 1A3H) was the only available model of family 5 members, that led to a solution for the structure of the catalytic domain of Cel5A (43 % sequence identity). Three solutions, corresponding to the three molecules in the asymmetric unit, were found having correlation coef®-cients of 0.22, 0.20 and 0.18 for data in the range of 8.0 A Ê to 3.0 A Ê resolution. The rigid-body re®nement (included in the program AMoRe) led to an overall correlation coef®cient of 0.43 and an R-factor of 43.9 % for the solution formed by the three symmetry-independent molecules (see Table 1 ). The resultant map was improved with cycles of density modi®cation, utilising histogram matching and solvent¯attening, using the program DM. 44 The residues that had to be replaced with respect to the sequence of Cel5A were clearly visible and were built in the DM modi®ed Fourier-map with the program TURBO-FRODO: 45 5 % of the observations were then set aside for cross-validation analysis 46 and were used to monitor various re®nement strategies such as geometric and temperature factor restraint values and the insertion of solvent water molecules. The re®nement was performed using cycles of simulated annealing, as is implemented in the program XPLOR3.8. 47 As all observed data from 22 A Ê resolution were employed in the re®nement, a low-resolution bulk solvent correction was applied. Cycles of simulated annealing re®nement were interspersed with rebuilding using TURBO-FRODO. The water molecules were inspected manually. No non-crystallographic symmetry restraints were applied during the re®nement cycles. The current model, re®ned to 2.3 A Ê , comprises 3 Â 2270 non-hydrogen protein atoms, 329 solvent atoms and three calcium ions. The ®nal crystallographic R-factor for this model in the range of 29 A Ê to 2.3 A Ê is 18.7 % (R free 22.6 %). The r.m.s.d. from ideal stereo-chemistry are 0.007 A Ê for bond lengths and 1.65 for bond angles. 48 The stereochemistry of the model was veri®ed using the program PROCHECK. 49 The dihedral angles of the polypeptide backbone all lie in allowed regions of the Ramachandran diagram.
Protein Data Bank accession numbers
Coordinates for the protein structure described here have been deposited with the RCSB Protein Data Bank, 50 pdbcode: 1egz.
